Four weeks later contractile properties were measured under chloral hydrate anesthesia. Average time-to-peak tension of the immobilized soleus was 30% less, whereas that of the gastrocnemius was not significantly changed relative to contralateral muscles. Immobilized soleus muscles acquired as much as 25% fibers with high alkaline myofibrillar adenosine triphosphatase activity; these fibers do not occur in the normal muscle. Neither the immobilized soleus nor gastrocnemius fatigued more quickly than their contralateral counterparts.
In the immobilized gastrocnemius myofibrillar protein (mglg muscle) decreased to 76% and maximum tetanic tension to 70% of contralateral values. However, Manic tension per gram wet muscle weight or 100 mg myofibrillar protein was significantly greater in the immobilized gastrocnemius.
No specific factor responsible for the increased tetanic tension could be identified.
time-to-peak tension; myofibrillar protein; tetanic tension; soleus; gastrocnemius IN RECENT YEARS there has been an increased interest in the adaptation of muscle to immobilization, in particular the changes that occur in contractile properties of slow muscle. Studies addressing themselves to this subject have yielded varying results. For example, isometrically measured time-to-peak tension of immobilized rat soleus has been noted as significantly decreased (3, ll), while isotonically measured time-to-peak tension of the same muscle has been reported as not significantly changed (29). Other contrasting data are the slightly decreased time-to-peak tension seen in the immobilized kitten soleus (2l), and the increased time-to-peak tension found in the immobilized soleus of the adult cat (7). To further clarify the adaptation of slow muscle to immobilization, and because of a lack of published data on fast-twitch muscles, in the present study we examined both the immobilized slow soleus and the fast gastrocnemius of the guinea pig. It seemed particularly important to ascertain the properties of an immobilized fast-twitch muscle because most muscles of the mammalian hindlimb are primarily composed of fast-twitch fibers (1) .
The study included observations on contractile, biochemical, histochemical, and morphological properties to provide a wide-spectrum analysis of qualitative and quantitative characteristics of immobilized muscles.
METHODS

Immobilization.
The soleus and gastrocnemius muscles of 16 adult guinea pigs (420-650 g) were prevented from contracting isotonically for four weeks by immobilizing the knee and ankle joints under methoxyflurane (Metofane) anesthesia. Immobilization of the knee and ankle was achieved by inserting sterile 22.gauge hypodermic needles diagonally into the tibia and femur, and longitudinally through the tarsal bones and the shaft of the tibia. The approximate angle of fixation for the knee was 70", and for the ankle 90'. Correct placement of pins was verified by X rays. Only one leg, either right or left, per animal was immobilized.
The contralateral leg received sham operation to equalize the trauma of surgery. Animals were housed individually in 28 x 21,cm cages and were fed Purina guinea pig chow and water ad libitum. During the first few postoperative days tetracycline (Terramycin) and ascorbic acid was added to the drinking water.
Recording of contractile properties. Of the original 16 guinea pigs 10 were selected whose pinned knee and ankle joints were either rigidly fixed or would not allow more than about 5 deg of motion. These animals were intraperitoneally anesthetized with chloral hydrate (400 mg/kg) and prepared for recording. Soleus and gastrocnemius muscles were bilaterally exposed and separated from each other, care being taken to keep the blood supply intact. The distal tendons of the muscles were cut and inelastic silk threads were used to attach them to force-displacement transducers (Grass Instrument Co., Ft. .03). The proximal ends of the muscles were left in situ. Steel pins inserted transversely into the distal sh& of the femur, and clamps applied to foot and distal tibia were used to mount thigh and calf portions of both hind limbs rigidly in a muscle chamber. The chamber was filled with mineral oil maintained at 37°C by a Gorman-Rupp heating unit. Calf muscles and their nerves remained submerged in mineral oil throughout the experiment.
Soleus and gastrocnemius muscles were lengthened until a twitch in response to a IMMOBILIZED MUSCLE supramaximal square-wave stimulus of 0.2 ms duration (Grass Instrument Co., stimulator S88) applied to the distal portion of the tibia1 nerve gave a maximal tension. Time-to-peak tension, one-half relaxation time, twitch tension, ktanic tension (300 Hz) and twitch fatigue 12 Hz for soleus; 5 Hz for gastrocnemius) were recorded simultaneously from muscles on a polygraph (Grass Instrument Co., 7P3) and displayed on P storage oscilloscope (Tektronix, 564B). Twitch fatigue of the gastrocnemius was measured approximately 45 min after that of the s&us. The gastrocnemius was kept away from the underlying musculature while recording was done from the s&us. Contractile propertIes were also recorded bilaterally from soleus and gastrocnemius muscles of nine normal guinea pigs (375-425 g). The hindlimbs of two experimental animals, not subjected to the recording procedure, were perfused through the descending aorta with normal saline and 10% buffered Formalin for measuring muscle length in situ.
Histochenistry and biochemistry. Animals were killed by cervical fracture immediately after the recording was made of contractile properties. Soleus and gastrocnemius muscles were blotted dry and weighed. The extreme proximal and distal tendinuus portions were discarded. A 3-to 4-mm long section was removed from the midlength of the muscles for histochemical preparations and glycogcn determination.
In the gastrocnemius the remainder was used for protein fractionation. Fast-twitch glycolytic fibers in the gastrocnemius showed an increase in NADH-D-reaction product that made the difference between this fiber type and fasttwitch oxidative-glycolytic fibers less distinct; the two fiber types, however, were still separable. Furthermore, the ATPase profile of the muscle remained the same. Formazan granule size was increased in NADH-D sections of the soleus. With the cu-GPD reaction dark fibers that are normally absent could be demonstrated in the immobilized soleus. The increase in reaction product was usually seen in high ATPaseAactivity fibers, illustrating the completeness of conversion of slow-twitch oxidative to fast-twitch oxidative-glycolytic fibers (cf. ref. 24). In the immobilized gastrocnemius the (r-GPD reaction appeared darker in all fibers.
Morphological measurements. Immobilized muscle length measured prior to cutting the tendon in two Formalin-perfused animals was the same as on the unrestrained side, but the distal tendmous portion of the soleus was about 2 mm longer than in contralateral muscles. Wet muscle, weight was significantly decreased in the immobilized soleus and gastrocnemius (Table l) .' Subsequent measurements performed on muscle and fiber cross-sectional areas showed that the decrease in weight was a good indicator of atrophy. The cross-sectional area of both the immobilized soleus and gastrocnemius at the midlength of their muscle bellies was significantly reduced relative to contralateral (Table 1) . Fiber cross-sectional areas in the gastrocnemius were measured separately for slow-twitch oxidative, fasttwitch oxidative-glycolytic and fast-twitch glycolytic fibers (24) to determine whether one fiber type was more susceptible to immobilization than another. In the four animals in which this was done the fiber type-size relationships in the experimental limbs remained much the same as in contralateral and normal muscles. However, the fast-twitch glycolytic fibers atrophied about 12 and 20% less than the fast-twitch oxidative-glycolytic and slow-twitch oxidative fibers, respectively. The cross-sectional area of the slow-twitch oxidative fibers in the soleus atrophied 11% more than the same fiber type in the gastrocnemius. The amount of atrophy was significant for all fiber types (Fig. 2) . In the immobilized soleus only those fibers were measured that had a slowtwitch oxidative histochemical profile. Since the normal soleus lacks fast-twitch oxidative-glycolytic fibers as well as transitional types (l), no size comparison was possible for these categories.
Cross-sectional areas of low and high ATPase-activity fibers were found to be not significantly different in the one experimental soleus in which this was measured. Only very few degenerating fibers were seen.
Contractile properties: contralateral -immobilized comparisons.
Average-time-to-peak tension was significantly decreased in the immobilized soleus from 52.0 ms to 36.5 ms and one-half relaxation time from 46.8 ms to 35.0 ms (Table 2) Table 2) .
The immobilized soleus showed no significant changes in any of the tension parameters studied despite significant reductions in its wet weight, muscle cross-sectional area, and fiber cross-sectional area. Although gastrocnemius maximum tetanic tension was significantly decreased, the twitch and tetanic tension per gram wet muscle weight were significantly increased (Table 1 ). An increase in tetanic tension per gram wet muscle weight in the gastrocnemius also had been noted in an earlier series of 20 guinea pigs (unpublished data). To define more clearly the tension characteristics of immobilized fast-twitch muscle, additional measurements and computations were carried out. When tetanic tension was calculated per cross-sectional area of 1,000 muscle fibers it was found to be significantly decreased, as one would expect from the de- $n = 16 muscles from 8 animals.
$ Means are significantly different at P = 0.05.
creased fiber cross-sectional area. If calculated per square centimeter of muscle cross section no significant change was observed, whereas if calculated per 100 mg of myofibrillar protein, presumably a highly correlative factor, tetanic tension was significantly increased (Fig.  3) . A significant increase was also seen in gastrocnemius twitch tension per 100 mg myofibrillar protein. No significant differences were noted in maximum or specific tetanic tension between contralateral and normal muscles (Table 1) . Neither the immobilized soleus (stimulated at 2 Hz for 10 min) nor gastrocnemius (stimulated at 5 Hz for 10 min) showed any significant change in fatigability relative to contralateral muscles. After 10 min of stimulation the average twitch tension had declined in both immobilized and contralateral gastrocnemius muscles to 22% of the initial value. Soleus muscles showed no fatigue.
Contractile properties: left-right comparisons in norma2 animak. Contractile properties listed in Tables 1  and 2 were not significantly different at P < 0.05 between left and right muscles of normal animals. For that reason they were averaged together to serve as a single control.
Contractile properties: contralateral-control comparisons. Care was taken to test experimental and control animals under the same conditions. There were no significant differences at P < 0.05 between any of the comparisons in contractile properties of the two groups (Tables 1 and 2) .
Biochemical properties. Protein fractionation was carried out to evaluate the effect of immobilization on contractile proteins. Total protein as well as myofibrillar and sarcosomal protein content was significantly decreased in the immobilized gastrocnemius relative to contralateral (Table 3 Because of the commonly held notion that muscle fatigue is caused by glycogen depletion, poststimulation glycogen content was assayed in the soleus and gastrocnemius. Since both contralateral and immobilized gastrocnemius muscles fatigued at equal rates and both soleus muscles maintained their initial tension, one might have expected the glycogen content to be the same on experimental and unrestrained sides. However, glycogen content per gram wet muscle weight was significantly greater in the immobilized muscles. After removal of blood glucosyl units from the assay, glycogen content still remained higher in the immobilized muscle, but the difference was no longer significant (Table  4) .' When the gastrocnemius glycogen content was calculated per 100 mg of myofibrillar protein, it was found to be significantly increased even after subtraction of glucosyl units.
DISCUSSION
Fiber atrophy. In the immobilized gastrocnemius the cross-sectional area of the slow-twitch oxidative fiber was decreased more than that of the other fiber types. The preferential atrophy of this fiber type has also been noted in immobilized cat medial gastrocnemius (20), bush baby plantaris (8) and human vastus medialis (9). The present results also showed that the cross-sectional area of slow-twitch oxidative fibers in the, soleus had atrophied more than the same fiber type in the gastrocnemius. The. technique of immobilization itself should not have favored fiber atrophy in the soleus because both soleus and gastrocnemius muscles were kept at near-resting length. In fact, the gastrocnemius showed greater atrophy by wet weight and muscle cross section than the soleus (cf. Table 1 ). Inherent differences in the susceptibility to immobilization of slow-twitch oxidative fibers in the soleus and gastrocnemius are suggested by the presence of morphological differences. Fibers in the normal soleus have a larger cross-sectional area and they normally display a more intense NADH-D reaction product than those in the gastrocnemius.
Further evidence for the dissimilarity of the fiber type in the two muscles is the posttetanic depression of twitch tension that occurs in the cat soleus slow-twitch oxidative motor units, but not in the slow-twitch oxidative units in the gastrocnemius (6). Contractile properties: related to speed. The significant decrease in contractile speed of the soleus can be attributed to the effect of immobilization because there was no significant difference in time-to-peak tension between right and left muscles of normal guinea pigs, and between normal and contralateral muscles. Significant decreases in time-to-peak tension for immobilized rat soleus relative to normal have been reported by Fischbach and Robbins (11) and Booth and Kelso (3). Even though Wells (29) was unable to find any significant changes in contractile speed of the immobilized rat soleus, the time-to-peak tension was also decreased in his study. It has been pointed out by Fischbach and Robbins (12) that if the knee is left unrestrained, as was done in the Wells experiments, weight bearing and stron .g el .ectrical activity ensues that may result in less drastic changes than if both knee and ankle joints are immobilized. Booth and Kelso (3) claim that the immobilized rat soleus, a mixed muscle (l), became faster because of a relative increase in fast-twitch fibers due to degeneration of slow-twitch fibers. However, when their Table 1 is examined one can note that the total number of fasttwitch oxidative-glycolytic fibers in immobilized muscles is on the average 7% greater than in muscles of control animals. This suggests that slow-twitch fibers not only degenerate, but also convert to fast-twitch fibers. Other workers (11) do not mention degenerating fibers in the rat soleus. We found only very few when inspecting the immobilized guinea pig soleus under the light microscope, but with the electron microscope degenerative foci are commonly seen in this muscle (27). Fischbach and Robbins (11) felt that phasic motor activity which evolves during the immobilization period is a major determinant in bringing about the decreased time-to-peak tension. In our study the appearance of high ATPase-activity fibers is the most tangible cause. This notion is reinforced by the finding that in the immobilized gastrocnemius neither the ATPase profile nor the contractile speed changed significantly. Most of the transformed fibers in the soleus could be classified as fast-twitch oxidative-glycolytic because of ATPasestaining reversal with acid preincubation and high NADH-D and cu-GPD activity (cf. Fig. 1 ). In addition to such clearly defined types we also found fibers intermediate in staining that may be faster contracting than slow-twitch oxidative fibers (Fig. 1) . Tomanek and Lund (27) question whether immobilization leads to a signifi-cant increase in ATPase activity in the guinea pig soleus because of inconsistencies they found in the number of low ATPase-activity fibers converting to high ATPase-activity fibers. We also noted a variability between muscles in the number of fibers converting (cf. via the tibia1 nerve, the gastrocnemius contracted at the same time and presumably underwent some fatigue, even at the low ~-HZ rate. Therefore, the fatigue seen in the gastrocnemius might have been in part the result of the prior stimulation.
But since approximately 45 min elapsed between recording the fatigue curves of soleus and gastrocnemius, the effect on the gastrocnemius was probably small. The muscle should have recovered most of its strength after 45 min. Furthermore, the relative results should not have changed markedly by the prior stimulation, because both experimental and contralateral gastrocnemius muscles were simultaneously stimulated under identical conditions. Contractile properties: related to tension. The collected tension data indicate that there is a tendency for maximum twitch and tetanic tension to decrease in immobilized muscles. In the soleus this trend was not significant, but in the gastrocnemius the maximum unpublished work, and previous reports cited are resoleus, as opposed to fast-twitch muscle (27), serves as viewed, that the specific tetanic tension of immobilized fast-twitch muscle does not decrease proportionally with fiber size and, in fact, may be increased. However, at an explanation as to why the soleus showed no signifithis time we can only offer suggestions as to the possible mechanism(s) involved.
In our study muscle wet cant increase in specific tetanic tension.
weight, muscle fiber cross-sectional area, and myofibrillar protein content showed significant decreases and, It is apparent when the tension data of this study, our therefore, could not be responsible for the increased tension. Myofibrillar protein was also selectively reduced in immobilized rabbit gastrocnemius (15). Muscle length was virtually the same in contralateral and immobilized muscles.
Fiber length was not measured. From the work of Tabary et al. (26) it is known that muscle fibers immobilized under stretch lengthen by adding sarcomeres in series, while those immobilized at a shortened position lose sarcomeres.
In our study muscles were immobilized at the intermediate resting position to minimize changes in the number of sarcomeres in series. Bias inherent in the experimental apparatus essentially can be ignored because left and right extremities were alternated as the immobilized limb and each muscle pair was stimulated and tested simultane-ously. Immobilized knee and ankle joints, when manipulated passively by the experimenter, were rigidly fixed or did not move more than about 5 deg, which would seem to negate the possibility that voluntary isotonic movements were largely responsible for the increased muscle strength. Tabary et al. (26) have shown that immobilizing a muscle at a shortened length leads to increase in connective tissue and reduced extensibility. This results in a stiffer muscle that for equal amounts of stretch will produce more passive tension than a contralatera 1 unrestrained muscle. No meas lurements were made in our study on the extensi .bility of muscle 1s and how this relates to actively developed tension. However, if a muscle immobilized at resting length were less compliant it would be expected to transfer actively developed tension more effectively from sarcomeres to connective tissue elements than an unrestrained muscle. Subsequently, it should prevent a drop in specific tetanic tension even though total myofibrillar protein is
